Introduction
Traumatic spinal cord injury (SCI) is generally considered to progress in two stages. The primary injury is the mechanical damage caused by a direct external force. It is followed by the secondary injury, which refers to the delayed spread of damage brought about by factors such as inflammatory cytokines, tissue acidosis, glutamate, and dysregulation of electrolyte homeostasis, leading to further functional deterioration [1, 2] . Oligodendrocytes, being particularly susceptible to the inhospitable environment after SCI, undergo necrosis and apoptosis which leads to demyelination and impairment of axon function. Although oligodendrocyte precursor cells (OPCs) have been shown to proliferate around the injured area in response to the loss of oligodendrocytes, many OPCs undergo apoptosis before differentiation into mature oligodendrocytes [3, 4] . Furthermore, studies have shown that OPC apoptosis inhibits remyelination and expands the damaged area of the injured spinal cord [5] . Therefore, numerous studies have focused on pharmacological interventions that would mitigate glial cell apoptosis and secondary injury, and would hopefully improve the paralysis after SCI.
We have focused on the role of endoplasmic reticulum (ER) stress as a trigger of glial cell apoptosis in the injured spinal cord. After SCI, accumulation of unfolded proteins in the ER in response to stressors such as tissue acidosis and electrolyte imbalance induces the activation of the unfolded protein response [6, 7] . The ER chaperone glucoseregulated protein 78 (GRP78) acts to reduce ER stress, but cell death is induced by the proapoptotic C/EBP homologous transcription factor protein (CHOP) when the effects of GRP78 are overwhelmed by ER stress [7, 8] . OPCs exposed to excessive ER stress promote CHOP and caspase-12 expression, which downregulates expression of the prosurvival proto-oncogene Bcl-2 and elevates the expression of the proapoptotic Bax, leading to apoptosis [9] . immunohistochemistry of the injured spinal cord in a rat contusion model, we demonstrated that the expression of GRP78 is lower and the expression of CHOP is higher in OPCs compared to oligodendrocytes, astrocytes, and neurons [10] . This indicates that OPCs have lower tolerance to ER stress compared to other cell types, which may be one of the many factors that lead to the observed apoptosis of OPCs after SCI. Another avenue through which neural cell death occurs in the central nervous system is through inflammasome-mediated pyroptosis. The inflammasome is a multiprotein construct generated through the oligomerization of inactive monomeric proteins from the nucleotidebinding domain, leucine-rich repeat (NLR) protein family. Inflammasomes are formed upon activation by different stimuli, such as bacterial infections or endogenous danger signals, which induce the activation of IL-1β, IL-18, and caspase-1 that leads to mitochondrial damage and ultimately to cell death referred to as pyroptosis [11] . Several inflammasome complexes have been reported which are denoted by the core NLR protein. The most intensively studied is the NLRP3 inflammasome which is formed when NLRP3 associates with the adaptor protein ASC and procaspase-1.
In the biological process of inflammation there are multiple Western blotting was performed using anti-NLRP3 (115 kDa), anti-caspase 2 (45 kDa),and anti-ASC (22 kDa) antibodies. The expression of NLRP3, caspase-2, ASC in both the LI and HI groups were significantly higher compared to the sham group, but there was no significant difference between the LI and HI groups．Asterisks indicate significant difference between SCI groups and sham group, Mann-Whitney U test ( ** P < 0.01, n = 5 per group, error bars are standard deviations). Western blot to examine the expression of TXNIP (50 kDa) was performed to confirm the involvement of ER stress in inflammasome induction. The expression of TXNIP was significantly higher in both the LI and HI groups compared to the sham group at days 1 and 3 after SCI. There was no significant difference between the LI and HI groups. Asterisks indicate significant difference between the SCI groups and sham group. Mann-Whitney U test ( ** P < 0.01, n = 5 per group, error bars are standard deviations).
contributory factors, and there are often interactions between them. Recently, Shin et al. (2015) reported that the ER stress brought about by bacterial infections activates thioredoxin-interacting protein (TXNIP), which triggers the association of NLRP3 and caspase-2 to generate inflammasomes that ultimately lead to pyroptosis. In the injured spinal cord, it was reported that NLRP3 inflammasomes rapidly increase after SCI, and is a deteriorating factor for functional recovery after SCI [12] . However, the association between ER stress and inflammasomes in SCI is unknown. Therefore, we studied the interaction between the ER stress response and inflammasomes in the injured spinal cord and the effect of this association on neuronal apoptosis.
Methods

SCI models
All animal experiments were conducted according to the protocol approved by the Center for Animal Research and Research Support at Tokai University School of Medicine. Female Sprague Dawley (SD) rats (10-week old, weighing 280-320 g) were purchased from Nippon Crea (Kanagawa, Japan). Surgery was performed under aseptic conditions and 4% isoflurane anesthesia. After laminectomy of the tenth thoracic vertebra and exposure of the dura mater, a spinal cord contusion injury was created using the Infinite Horizon spinal cord injury device (IH impactor: Precision Systems & Instrumentation, Lexington, KY). We generated 3 experimental groups: a low-impact (LI) group subjected to 100 kdyne, a high-impact (HI) group subjected to 200 kdyne, and a sham group that only underwent laminectomy. As a countermeasure against dysuria after SCI, each rat was subjected to bladder massage for urination twice a day.
Western blot
The injured spinal cord was exposed under 4% isoflurane anesthesia at 1, 3, 7, or 14 days postinjury (n = 5 for each group), and a 5-mm section of the cord (2.5 mm above and below the injury center) was excised under the microscope. The spinal cord was placed on ice immediately after removal, washed with cold PBS, and then processed with a cell lytic nuclear extraction kit (Sigma-Aldrich, St. Louis, MO). For electrophoresis, 7.5% and 12.5% SDS polyacrylamide gels were used, and 5 μl of protein was loaded in each well. After electrophoresis, the proteins were electrotransferred to nitrocellulose membranes (BioRad, Hercules, CA). Membranes were blocked with 5% BSA in TBST (50 mM Tris, pH 7.6, 150 mM NaCl, 0.1% Tween 20) and then incubated overnight with anti-NLRP 3 (Bioss, Rabbit, 1:1000), anti-caspase-2 (Santa Cruz, Rabbit, 1:1000), anti-ASC (Santa Cruz, Rabbit, 1:1000), or anti-TXNIP (Abcam, Rabbit, 1:1000) antibodies at 4°C. Membranes were washed for 7 h with 0.05% Twin-20 in PBS, incubated with horseradish peroxidase (HRP)-linked anti-Rabbit IgG (DAKO) (1:2000) at 25°C for 60 min, and labeled with Immobilon Western Chemiluminescent HRP (Millipore). Films were scanned by densitometry and analyzed using the software CS analyzer (ATTO, Tokyo, Japan). As internal controls, β-actin and GAPDH labeled with mouse monoclonal antibodies (Sigma-Aldrich) in the same manner were used. For sham animals, 5 mm of the spinal cord just above the tenth thoracic vertebrae was excised and processed by the same procedure and used as a normalization control. The expression levels of NLRP3, caspase-2, ASC, and TXNIP at 1, 3, 7, and 14 days postinjury were compared between the 3 groups (n = 5 per group).
Immunohistochemistry
At 1, 3, 7, and 14 days postinjury, perfusion tissue fixation was conducted using 2% paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB) under general anesthesia with 4% isoflurane. The spinal cord was removed and post-fixed in 2% PFA in 0.1 M PB at 4°C for 2 days. After fixation, serial dehydration of the samples was completed with 7%, 15%, and 20% sucrose in water. Frozen spinal blocks were prepared using O.C.T compound (SAKURA Finetek, Tokyo, JAPAN), and a cryostat was used to cut frozen sections at a thickness of 10 μm A 2 mm area at the center of the lesion, which corresponds to the width at the tip of the IH impactor, was defined as the epicenter and the tissue 7 mm caudal from the epicenter was sectioned.
Sections were washed 3 times in PBS for 10 min and then blocked for 60 min at 24°C with 5% normal goat serum in PBS. After washing for 10 min, the sections were incubated overnight at 4°C with markers for inflammasome constitutive proteins (anti-NLRP 3: Bioss, rabbit, 1:200; anti-ASC: Santa Cruz, rabbit, 1:200; anti-caspase-2: Santa Cruz, rabbit, 1:400) and cell markers (anti-NG 2: Millipore, mouse, 1:400; anti-GFAP: Millipore, mouse, 1:400). The sections were washed again in PBS and then incubated with the following fluorescent secondary antibodies for 60 min at 24°C: Alexa Fluor594 for NLRP3, anti-rabbit, 1:800; Alexa Fluor594 for ASC, anti-rabbit, 1:800; Alexa Fluor594 for Caspase-2, anti-rabbit, 1:800; Alexa Fluor488 for NG2, anti-mouse, 1:800; and Alexa Fluor488 for GFAP, anti-mouse, 1:800. Nuclear staining was conducted using VECTASHIELD with DAPI (Vector Laboratories). The stained sections were examined using fluorescence microscopy, and the number of positive cells in the dorsal cord was counted. The positive cell ratios of NLRP 3, caspase-2, and ASC in NG2-or GFAP-positive cells were counted. The mean value of 5 consecutive sections was calculated and compared between groups (n = 5 per group).
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Results
Western blot
The expression of NLRP3 in the injured groups (LI group and HI group) was significantly higher (P < 0.01) than that in the sham group on days 1, 3, and 7 postinjury. The expression of caspase-2 and ASC was also significantly higher in the injured groups (P < 0.01) on days 1, 3, and 7 postinjury when compared with that in the sham group. However, there was no significant difference between the LI and HI groups (Fig. 1) . The expression of TXNIP was significantly higher on days 1 and 3 postinjury and significantly lower on days 7 and 14 in both LI and HI groups when compared with the sham group. No significant differences were found between the LI and HI groups (Fig. 2). 
Immunostaining
The expression of NLRP 3, ASC, and caspase-2 in OPCs was significantly higher (P < 0.01) in the LI and HI groups when compared with the sham group on days 1, 3, and 7 postinjury (Fig. 3a and b) . In addition, NLRP3 and ASC expression in astrocytes was significantly higher in the LI group on day 3 postinjury but not on days 1, 7, and 14 when compared with that in the sham group. Regarding injury severity, the ASC expression in OPCs on day 1 postinjury was significantly higher (P < 0.05) in the HI and LI groups when compared with the sham group (Fig. 4a,b,c,d,e,f) . The comparison of NLRP3 expression between OPCs and astrocytes revealed that OPCs exhibited a significantly higher expression than astrocytes on day 1 postinjury (Fig. 4g) . ASC and caspase-2 expression levels were also significantly higher in OPCs than in astrocytes on day 1 postinjury.
Discussion
In recent years, an inflammasome-based response has garnered attention as a novel pathway for the induction of inflammation [14] [15] [16] . The constituent molecules of inflammasomes, such as NLRPs, caspase, and ASC usually exist separately. However, these molecules aggregate to form inflammasomes when a trigger such as infection stimulates them [17] . The generated inflammasomes cleave the precursors of IL-1β and IL-18, which activate them and lead to pyroptosis [15, 18] . Historically, inflammasome-mediated pyroptosis was discovered to be a process induced upon infection with intracellular pathogens, and the subsequent inflammatory response was often effective against the infection. Inflammasome have also been reported to control intestinal microflora, protect the intestinal epithelial barrier, and contribute to the maintenance of intestinal homeostasis, but negative aspects of inflammasomes have also been identified [18] . Depending on the stimulating factor, excessive inflammasome formation induces sustained inflammation that precipitates the onset of various diseases, such as arteriosclerosis, gout, type 2 diabetes, and Alzheimer's disease [18] [19] [20] . Caspase-1, the most significant caspase in the NLRP3-based inflammasomes, activates IL-1β and IL-18 precursors and causes pyroptosis [15, 18] . ER stress can also trigger inflammation through NLRP3, which activates caspase-2 and leads to mitochondrial dysfunction. Damaged mitochondria release mitochondrial-derived damage-associated molecular patterns that activate inflammasomes, which lead to caspase1activation and pyroptosis [21] [22] [23] [24] . Therefore, caspase-2 that is activated through ER stress indirectly modulates caspase-1 activity.
Here, we confirmed earlier reports that the expression of inflammasome proteins such as NLRP3, ASC, and caspase-1, in the spinal cord is elevated after SCI [25] . With regard to injury severity, there was no significant difference between the LI and HI groups. Inflammasome is speculated to be activated even if the damage strength is large or small. When the expression of inflammasome proteins was examined by cell type, we found that they were high in OPCs and low in astrocytes. We previously reported that OPCs are vulnerable to ER stress while astrocytes have a more robust ER stress response [10] . The situation seems to be similar in regard to inflammasomes, with OPCs being more vulnerable to inflammasome-mediated cell death, whereas astrocytes are resistant to this type of cell death. The resistance of astrocytes to inflammasome-mediated cell death may be one reason that astrocytes survive after spinal cord injury, leading to the formation of glial scars [26] . However, even in astrocytes, the expression of inflammasome proteins significantly increased on day 3 postinjury. Although the expression was low when compared with that in OPCs, our data suggest that cell death mediated by inflammasomes also occurs in astrocytes.
TXNIP is an important connecting factor between ER stress and inflammasome pathways [27, 28] . TXNIP is induced via the PERK and IRE1α pathways of the ER stress response, which then activates caspase-1, secretes IL-1β, and causes pyroptosis via the NLRP3 inflammasome [29] . Along with inflammasome proteins, TXNIP expression was also elevated in the early stages of spinal cord injury, suggesting an association between the ER stress response and inflammasome pathway in injured spinal cords. It also suggests that the suppression of the ER stress pathway may also act to suppress Fig. 4. a,b,c . The transition of NG2+ OPCs expressing the inflammasome proteins NLRP3(a), ASC(b), and caspase 2(c) expressed as the ratio of cells positive for each marker protein. The percentage of cells expressing NLRP3, ASC, and caspase2 was significantly higher in both the LI and HI groups compared to the sdddfham group at days 1 and 3 after SCI and decreased thereafter. Fig. 4d ,e,f. The transition of GFAP + astrocytes expressing the inflammasome proteins NLRP3(d), ASC(e), and caspase 2(f) expressed as the ratio of cells positive for each marker protein. There was a delayed but significant increase in the percentage of cells expressing NLRP3, ASC, and caspase2 in the LI group at day 3 after SCI. Fig. 4g . NLRP3 expression in OPCs and astrocytes. Comparison of the NLRP3 expression ratio between OPCs and astrocytes. The percentage of cells expressing NLRP3 was significantly higher in OPCs compared to astrocytes at 1 day after SCI. Asterisks indicate significant difference between the SCI groups and sham group. Mann-Whitney U test ( * P < 0.05, ** P < 0.01, n = 5 per group, error bars are standard deviations).
inflammasome-mediated cell death, providing further means to ameliorate the secondary injury process in SCI. Hopefully, future studies will provide further insight into the association of the ER stress and inflammasome pathways, and will pave the path toward the development of drugs that target these processes.
Conclusion
Inflammasome-based protein expression is promoted after spinal cord injury. The expression level of inflammasome proteins is high in OPCs and low in astrocytes, which may be related to high rates of OPC cell death after spinal cord injury. Inflammasome formation is associated with ER stress, which may increase neural cell death in the injured spinal cord.
